Abstract-Experimental procedures for studying the scattering of light from polymer films are reviewed. The theory for scattering from spherulites is described and procedures for correction for multiple scattering, truncation, and disorder are described and illustrated for studies on polyethylene terephthalate films. Means for following crystallization kinetics from quantitative measurements of scattered intensities are out-1 ined.
INTRODUCTION
The use of light scattering for the study of the structure of crystalline polymer films is now approximately twenty years oldl• 2 • The earlier work3• 4 , based upon the use of the Debye-Bueche 5 theory for the scattering from materials possessing random density fluctuations, was supplemented by model calculations for representing the scattering by spherulitic structures 1 . In these cal cul ations, the scatteri ng from an array -of spherul i tes { Fi g. 1) {composed of spherically symmetrical aggregates of polymer crystals and amorphaus chains) was idealized as an anisotropic sphere of radius R having radial and tangential polariza bilities a and at immersed in an isotropic matrixswith polarizability as. This leads to the equati&ns (2\) (0WX\) (8) ,.. where N(R.) is the number of spherulites having radius R. and R 1 (R.) is the Rayleigh ratio for a single spherulite of this radius. By assuming var~ous forms 1 for N(R.), it was found that the angular distribution of scattering was broadened by an amount dep~ndent upon the width of the distribution. However, this broadening was much smaller than that which was observedl9 suggesting that other factors to be presently discussed are the more important contributers to the broadening. Forthis reason, the determination of spherulite size distribution from the observed scattering intensity profile cannot be successful. Because of the much greater scattering power of larger spherulites, the effective spherulite size obtained using Eq. 8 from a distribution of sizes is heavily weighted with respect 'to the larger spherulites in the distribution.
Actually, different spherulites in a distribution will scatter coherently leading to interspherulitic interference effects. The resulting scattering pattern is obtained from the scattered amplitude given by28
where (E 1 ). is the single spherulite amplitude for the j-th spherulite, k = 2w/X, Rj is the vector fro~ an origin to the center of this spherulite. s is the scattering vector s -s. where s and s. are unit vectors along the incident and scattered rays. For small ar~ays-1 of sphe~ulites~ this leads to a modulation of the pattern corresponding to their arrangement, while for a large array of randomly arranged spherulites, the result is like that of a single spherulite but containing an internal speckle structure of fineness dependent upon the number of spherulites in the field of view29.
The internal disorder is related to the coarseness of the internal spherulitic structure. Electron micrographs of spherulites reveal that the lamella of which they are composed are 'not precisely aligned along their radius but are branched and fluctuate in their orientation30. For this reason, the model of constant polarizabilities throughout the spherulite is an idealization, and it is more realistic to assume that the local polarizabilities and the direction of their optic axes may fluctuate with position within the spherulite. An early model for diserdered spherulites was proposed by Stein, Wilson and Stidham 31 in which density fluctuations were permitted within an isotropic sphere. These were defined in terms of the parameters n 7 , the mean-squared fluctuation in density, and a correlation distance, ac, for a Debye-Bueche type 5 ( 13) n Keijzers, van Aartsen and Prins 32 attempted to account for the excess scattering by spherulites using a mixture theory in which the scattering was proposed to consist of a component arising from perfect spherulites and one arising from a medium consisting of anisotropic objects correlated in orientation as described by the theory of Stein and Wilson33.
This theory was not realistic in that the disorder consists of deviations from spherulitic orderrather than being random. An attempt to treat spherulitic disorderwas made by Stein and Chu 34 who considered correlated deviations from perfect spherulitic order as described by correlation functions. Because of mathematical difficulties, only simple cases could be evaluated. Alternatively, the problern was treated using a computer simulation by Yoon and Stein 19 who represented orientation deviations on a two-dimensional spherulitic lattice.
The disorder was described in terms of a parameter ö which measured the angular deviation in orientation that could occur between two adjacent lattice cells. Typical results for the Variation of the rela~ive H scattered intensity with reduced angle w = kR sin e are shown in Fig. 6 at p = 45 for ~arious values of the disorder parameter for a ~pherulite having M = 100 (lattice cells per radius). It is evident that as ö increases, the intensity at the maximum decreases and the decrease in intensity with increasing w becomes more gradual. In fact, as shown in Fig. 7 , by taking the ratio of intensity at two values of w (in this.case w = 4 to w = 15), one may obtain a calibration curve which may be used to determine ö. From this disorder parameter, the intensity decrease arising from the disorder may be obtained as shown in Fig. 8 .
In this manner, by applying both disorder and truncation corrections, it is possible to satisfactorily fit experimental data as s~own in Fig. 9 . It should be noted that the fit should be viewed with reservation in that it is a two-dimensional theory applied to threedimensional data. While the extension of the theory to three dimensions is demanding on computer capability, some success in this direction has been reported35.
As previously indicated, the effect of considering interspherulitic interference for a collection of spherulites is to modulate the intensity in a manner dependent upon their distribution. The effect of thi~ modulation on the average intensity for a random distribution of spherulites was considered by Yoon and Stein36 using a correlation function approach . . This led to the result for Hv scattering that 
where K(e,p) is the correction factor for multiple scattering and F(e,p) is that for disorder and truncation. It is noted that the scattered intensity varies linearly with ~ , the volume fraction of spherulites. In addition the intensity depends upon the spherulitesradius and the anisotropy, (a -at) of the spherulite. This equation provides the means by which the absolute value of scattered intensity may be followed.
The anisotropy of a spherulite is a consequence of the orientation of its crystalline and amorphaus components and may be given by (ar -at) = ~es· (al -a2}/c,s + (l -~es) (al -a2)amfc,am + (ar -at)f (l 5) where ~ is the volume fraction crystallinity of the spherulite, (a -a ) and (a -a ) are thec~ntrinsic anisotropies of the crystalline and amorphaus regi6ns afidcf and f 2 am are the orientation functions for the optic axes of these regions with res.pect•~o the am,s spherulite radius. The form anisotropy is (a -·at)f. The value of ~ is related to the crystallinity of the sample by r es ~c = ~es ~s + ~cm(l -~s) (16) where ~cm is the volume fraction crystallinityof the medium (outside the spherulites).
The value of (a -at)c may be calculated from the crystalline birefringence using the differential Lorenzrlorentz equation Fig. 8 The ratjo of the H intensity for a perfect spherul ite (ö = 0) at w = 4.0, ~ = 45 tothat oV a diserdered spherulite as a function of the disorder parameter. Curves for the same two cases of optic axis twist angle described in Fig. 7 are plotted (from Ref. 19, Fig. 13 ). where n is the average refractive index of the crystals. For polyethylene, for example, t:. = 0.058 from microscope measurements on isomorphic n-paraffin crystals3 7 . While it is often assumed that the amorphaus orientation in spherulites is negligible, recent calculations38 suggest that it may make an appreciable contribution. The effect of form birefringence may be accessed by swelling the polymer with solvents of differing refractive index. While newer measurements'are desirable, earlier work39 has indicated that the effect of swelling on the intensity of scattering from unstretched polyethylene is not }arge.
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It is usually assumed that all crystallization occurs within the spherulite so that <l>c m= .0. This may not be generally so. The intensity of V scattering, as may be seen from Eq.'\2) is dependent upon as' the polarizability of the s~rroundings which is given byl9
The polarizability of the medium, a is given
c am Thus a and hence the intensity of the V scattering depend upon ~ . it is hoped that quantiiative studies of this variation, ~erhaps following the photÖ~~aphic studies by Samuels~O will clarify this situation.
lf one assumes that f s = 0, ~ = 0 and (a 1 -a 2 )f = 0 then Eqs. (15) and (16) 
Fora perfect spherulite f = 1 (or -l/2). Deviations from these values are a consequence of imperfections, th~seffect of which is included in the factor F{e,Jl) of Eq. (14) so that its inclusion in this term is redundant.
lt is evident that Substitution of Eq. (20) into Eq. (14) permits a calculation of the absolute value of RH in terms of Rs' ~c and ~s· For volume filling spherulites, ~s = 1 in which case lightvscattering permits the calculation of the degree of crystallinity.
Similar but more complicated equations have been obtained for V scattering which account for the Observation that the intensity passes through a maximumvin the course of crystallization, and that the form of the patterns depends upon ~ 1 9 • Thus there is the possibility that the simultaneaus Observation of RH and Rv durin~ the course of crystallization will permit a thorough characterization of tXe crystXllization process. This is facilftated by the use of real-time devices such as the OMA. EXPERIMENTAL APPLICATIONS The use of these principles for the analysis of light scattering have so far been made in two studies: the crystallization of polyethylene terephthalate (PET) initiated by A. Misra 22 .~1 and continued by T. Yuasa~2 and the crystallization of blends of poly-e-caprolactone (PCL) and polyvinyl chloride (PVC) by F. Khambatta~3.
Samples of PET were heated between aluminum foil 5o above their melting point and then rapidly cooled to a crystallizing temperature of 110 C. for varying periods of time, after which they were quenched to room temperature where crystallization stopped. H light scattering photographs were obtained as shown in Fig. 4 . Scgns of the variati~n of the relative scattered intensity with scattering angle, e at ll = 45 are shown in Fig. 10 . These were obtained using the dynamic light scattering apparatus which has been described previously~~. The shift of the scattering maximum toward lower angles was used to obtain the variation of spherulite radius with crystallization time as shown in Fig. 11 . As has been previously observed 6 , the radius increases linearly with time until it asymptotically approaches a limiting value when the spherulites become.volume filling. This behavior is consistent with that predicted by model calculations 2 5. The intensity at the H maximum increases greatly with crystallization time as shown in Fig.  12 . The reason for thYs is three fold, as described by Eqs. 1 or 14: There is an increase in (a) the radius of the spherulites, (b) their number or (c) their anisotropy. Quantitative comparison of the results of Figs. 11 and 12 demonstrates that the increase in R is insufficient to account for the intensity increase. If one assumes that the spheruliie anisotropy remains constant with time during crystallization (~c s constant or no secondary crystallization), then Eqs. 14 and 20 may be used to calculate' ~.
If ~. is determined by an independent measurement such as density, giving the r~sults shownein Fig. 13 , then ~s may be obtained even if ~ changes. es This has been done for this sample of PET using H data corrected for multiple scattering and disorder (using the two-dimensional disorder ~heory) and leads to the results shown in Fig. 14 . It is evident that tbere is an expected increase of volume fraction crystal~inity with time. This may be related to the change in Ns, the number of spherulites per cm since ~s = Ns (4/3 7T Rs 3 ) (21) Solving this for N leads to the unexpected result that N decreases with time. This is not likely in view of ~easonable crystallization mechanisms a~d it is thought that the result may be an artifact arising from the inadequacy of the two~dimensional disorder theory or perhaps from failure of the assumptions regarding the neglect of ~ . Further examination is in order, pending extension of the theory and analysis of Vv datä~ For the analysis of PCL/PVC blends, samples were prepared by casting films from a mutual solvent, tetrahydrofuran, after which they were heated to above the melting point of the PCl and isothermally crystall ized at 30°C. Samples containing more than 50% PCL were observed microscopically to be composed of volume filiing spherulites. This was confirmed by the Observation that the linear crystallinity as measured by small-angle x-ray scattering agreed with the bulk crystallinity as measured by density or DSC 4 3,45 as shown in Fig. 15 . ·
The variation of the spherulite size with composition was determined from the angular position of the H scattering maximum and is shown in Fig. 16 where it is seen to paös through a maximum. Thevvariation of relative H intensity with scattering angle at p : 45 was measured with the photometric apparatus Vor the various blends and is plotted in Fig. 17 . It is observed that there is an appreciable decrease in intensity of scattering with decreasing concentration of PCL. This is attributed to the decreasing anisotropy of the spherulite accompanying the decreasing sample crystallinity.
The only significant crystallinity is that of the PCL. Assuming that spherulites are volume filling and that the contribution of amorphaus orientation and form anisotropy to the spherulite anisotropy are negligible, Eqs. (15) and (16) Time (min) Fig. 12 The variation in the relative intensjtY at the H scattering maximum ~:~ith crystallization time for PET at 1.10 C. (from ReV. 42, Fig. 15 ).
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Thus by using measured degrees of crystallinity, evaluating F(e,p) from the two-dimensional theory and realizing that it accounts for the effect of f , the variation of the relative H intensity with composition may be calculated and compar~~ with the experimental result, a~ shown in Fig. 18 . The comparison is reasonable except for high conGentration of PCL where the films are very turbid so that the multiple scattering correction becomes susP.ect. CONCL,USIONS The photometric light scattering technique has been developed to the state where quantitative camparisans of measured scattered intensities with theoretically calculated values are useful for providing information about the crystallization process. The extension of the theory to three-dimensions, to the quantization of V data and to the further experimental examination of these and other systems are in order. v
